This is a brief update on the work being done to design ignition targets for the National Ignition Facility. Updates are presented on three areas of current activity : improvements in modeling, work on a variety of targets spanning the parameter space of possible ignition targets ; and the setting of specifications for target fabrication and diagnostics. Highlights of recent activity include : a simulation of the Rayleigh-Taylor instability growth on in imploding capsule, done in 3D on a 72° by 72° wedge, with enough zones to resolve modes out to 100 ; and designs of targets at 250eV and 350eV, as well as the baseline 300 eV ; and variation of the central DT gas density, which influences both the Rayleigh-Taylor growth and the smoothness of the DT ice layer.
Introduction
The National Ignition Facility is a large laser being built at Lawrence Livermore National Laboratory. One of its principal goals is to demonstrate the ignition and burn of targets containing deuterium-tritium fuel. Work has been going on for about 10 years on the design of these targets ; this article is an update on the status of that work. Results are presented in four areas : improvements in the modeling of the baseline targets ; design work at different drive temperatures ; setting of target fabrication specifications ; and simulations being used to define the diagnostic instruments needed for ignition implosions.
The basic ideas behind the ignition targets are described in refs. [1] [2] [3] [4] . The laser is described in other articles in this proceedings. The baseline ignition target is shown in figure  1 , with radiation drive and laser power shown in figure 2. 
Improvements in modeling
The design simulations for the NIF targets have mostly been done with two codes, HYDRA [5] and LASNEX [6] . LASNEX is a 2-dimensional radiation hydrodynamics code with very complete modeling of most relevant physical processes. HYDRA is a relatively new 3D radiation hydrodynamics code with modern hydrodynamics algorithms and Arbitrary Lagrange Eulerian capability. It has all of the physics necessary for NIF ignition capsule implosions, including multi-group radiation diffusion, electron conduction, alpha particle transport, and neutron energy deposition. HYDRA has been used quite extensively in analysis of Nova experiments and has been well verified. [5, 7] The recent simulations have been done on a 72° by 72° wedge, with enough zones to resolve modes up to 100. Simulations were done on a beryllium-ablator target, the same target used in simulations reported previously. [8] Initial perturbations were similar to those used in other work. As described in ref. 6 , they are based on characterization of Nova capsule surfaces, and of DT ice layers in _beta-layering experiments. Initial roughnesses were 1 µm rms for the ice, and 20 nm rms for the beryllium, with a multi-mode spectrum initializing modes from around 2 (1/2 wave in 72°) to 100. The capsule performs well in the simulation, producing 15.4 MJ of fusion yield. Figures 3 and 4 show density isocontours at a time prior to ignition and after burn is under way, respectively. Figure 3 shows the growth of short wavelength perturbations to amplitudes somewhat less than the shell thickness. Figure 4 shows two interesting features. There are low density regions where bubbles of hot fuel have risen through the decelerating shell. There are also crater-like features on the outer surface. At these points, fingers of beryllium have reached down to the stagnation shock, which defines the outer isocontour. Outside of the craters the density isocontour is in DT ; inside the craters, it is in beryllium, with the material interface forming the crater. Both of these features are also seen in 2D multimode simulations, although the nonlinear perturbation growth is quantitatively larger in three dimensions. Also, of course, the features are 2D rings in the 2D simulations, rather than being round spots as in 3D. This work will be described in more detail in a future publication by M. Marinak, who both wrote the code and did the simulations.
Design work at the edges of parameter space : 250eV and 350eV
Most NIF target design work has been at 300 eV, which is the temperature currently considered most likely to produce ignition. However, the optimum tradeoff of the various physics issues may result in our operating at some other temperature, and it is important for us to understand the issues and requirements at the different temperatures. By intent these designs stress some physics issues and will not look robust in all regards.
A design at 350eV, by D. Hinkel, is close to being a 0.65 scale of the baseline. The hohlraum is 6.6 mm long by 3.56 mm diameter. The capsule is beryllium, outer radius 710 µm, with a layer of clean Be and a layer of 1% Cu-doped Be This target performs well in integrated simulations, giving 70% of clean 1D yield. The integrated simulations required increasing case-to-capsule ratio from 2.5 to 3 (at waist) in order to avoid both hohlraum filling and asymmetric pressure on capsule from the hohlraum fill gas. At case-to-capsule ratio 2.5, various gas fills were considered; at low gas fills, the hohlraum filled unacceptably, while at higher gas fills a pressure spike on axis perturbed the capsule causing an asymmetric implosion even with the radiation on the capsule artificially symmetrized. designs operating at 300 eV or lower there is an operating regime between these two failure modes, but at 350 eV the case-to-capsule ratio has to be increased before a satisfactory gas-fill can be found. Estimates of filamentation in the plasma typical of this hohlraum, done with the code pF3D, suggest we may need SSD with as much as 6 Å of bandwidth (at 1 µm) to control the filamentation. Polarization smoothing is also being considered, and may reduce the bandwidth requirement. Rayleigh-Taylor analysis of this target shows very low growth. It can tolerate 5 micron DT rms and >50 nm ablator rms.
A very small design at 250eV has been described previously [9] ; somewhat bigger designs, corresponding to 1.3 MJ of laser light, have now been considered in more detail. As was the case for the design described in ref. 7 , the Rayleigh-Taylor growth is quite severe. An important option at 250eV may be to increase the capsule coupling efficiency, as described by Suter elsewhere in this proceedings. It may be possible to increase the energy absorbed by the capsule to as much as four times what was assumed in the 250eV work to date. This will make the Rayleigh-Taylor growth acceptably small, although detailed design work on this remains to be done. Suter's proposed reoptimization of the hohlraum may also allow for quite high gains, close to 100 MJ, from 250eV targets.
Target Fabrication Specifications
In addition to Rayleigh-Taylor analysis for each target we are considering, some work has been done dedicated to determining target fabrication specifications in two areas : low mode deviations from sphericity, and the performance vs. central gas density.
The low-mode specification is based on linear analysis. We did a set of linear-regime single mode simulations with various modes in order to determine a growth factor for each mode number. We also did large-amplitude simulations with the various modes to determine how large a final amplitude could be tolerated for each mode. These results can be combined, with a safety factor, to determine a table of effective maximum amplitudes for each mode. There remain details to work out before it would be appropriate to publish the table, so it will not be presented here.
The other area of work to describe here is considerations of the central gas density. It appears likely, from work on characterization of the DT ice layer, that the quality of the surface is a strong function of the operating temperature. The surface is likely to be smoother at temperatures close to the triple point, at 19.8 K at 0.62 mg/cc, while the target performance has a somewhat weaker contrary dependence. Previously the designs have usually stipulated a central density of 0.3 mg/cc, corresponding to an operating temperature of 18.3 K. The Rayleigh-Taylor sensitivity of the baseline 300 eV polyimide design is shown in figure 5 , contrasting the growth for the two different gas densities. While the performance suffers somewhat at higher gas fill, and the ablator surface specification is somewhat tighter, it appears that there is an option of operating at the triple-point density of 0.6 mg/cc. This may be necessary if the surface roughness is more than 3 µm at 18.7 K, it having been characterized at about 1 µm rms at 19.8K. Figure 5 . Yield vs. initial amplitude showing the Rayleigh-Taylor instability sensitivity for the 300 eV polyimide capsule, at two different operating temperatures (equivalent to two different central gas densities, as indicated). The higher density of 0.6 mg/cc is close to the triple-point gas density, while most design work has been done at 0.3 mg/cc, corresponding to a temperature 1.3 K lower. Although performance is worse, and specification tighter, at the higher gas density, the ice surface may be significantly smoother at this temperature and the optimum operating point may be the higher temperature and density.
Diagnostic specifications
A final area of active work is the simulation of target output as needed to optimize the diagnostic instruments being planned for the ignition implosions. Proposed diagnostics include :
Ø the usual neutron yield, with time-of-flight broadening to give ion temperature ;
Ø secondary and tertiary neutrons to get ρr measurements (the details of this are an important topic for near-term future work) ; Ø the charged particle output (results from Petrasso et al. on Omega suggest that this will be very interesting, and they have proposed high energy protons as a shell ρr measurement [10] ; Ø a reaction history measurement, possibly based on the direct γ-rays produced at a small rate in D-T reactions ; Ø imaging in neutrons and high energy x-rays, as discussed below.
We would like to put together a detailed description of how each of these would manifest various possible failure modes, so that we can say ahead of time how any likely failure mechanism will be diagnosed. That will help us to set specifications for the instruments High resolution images would be very valuable, both in neutrons and x-rays. It is likely that the size of the images will be valuable ; for example, shock timing problems will probably result in images that are bigger than expected, while mix will probably reduce the size of the images. If they are nonreproducibly out of round, that will suggest problems with power balance, low mode target fabrication problems, or too-large laser-plasma instabilities, which would have exactly the same effect on the implosion. If the images are reproducibly out-of-round, it will suggest problems with intrinsic hohlraum asymmetry or « aligned » target fabrication issues such as the cryo layer roundness or the tent supporting the capsule.
Besides this rather large list of possible inferences from each case, work on images has also suggested that the inference to be made is not necessarily simple. For example, an implosion with a P2 asymmetry in target fabrication (the shell too thin at the poles) comes in, bounces on the poles, and produces an image that is somewhat elongated along the poles (« sausaged ») and pinched in around the waist. So images will have to be interpreted carefully, probably with code simulations as guides. One possible image, typical of what we might want to see, is in figure. 6. This is a simulation that was made to « fizzle » by running without alpha particle deposition. Similar images have been made in simulations with too-large P 6 and P 8 asymmetries. The simulation shown also includes short-wavelength surface perturbations in even modes 2 through 40. It produced 27 kJ of yield (9.7x10 15 neutrons), with peak ion temperature 9.4 keV and burnweighted ion temperature (such as would be seen from neutron time-of-flight broadening) 4.8 keV. The structure, which is caused primarily by the P 6 and P 8 hohlraum asymmetry, is small enough that imaging with resolution of 5 µm or better would be valuable.
High energy x-ray images are quite similar to the neutron image shown. X-rays are produced by bremsstrahlung emission from the very hot fuel, and at energies above about 10 keV are transmitted through the high density fuel around the emitting hot-spot. At energies high enough to be transmitted with absorption, for example 20 keV, the image is virtually indistinguishable from the neutron image. At 8 keV, significant absorption features begin to appear. Since those tend to be in spikes that are plunging down into the hot-spot, they correspond to the less-emitting areas of the image and tend to exaggerate the structure. It would be useful to have images at a variety of energies, to reconstruct both the emission and absorption.
Summary
We are using increasingly detailed modeling, on a variety of NIF ignition targets, to understand the available parameter space and to set specifications. HYDRA 3D simulations have been done with more than adequate solid angle and resolution to ensure accurate modeling of the Rayleigh-Taylor instability growth. We have a suite of designs spanning 250eV to 350eV, with the optimum still looking like it is close to 300 eV. Finally, specifications for target fabrication and diagnostic instrumentation are challenging but appear viable.
